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Traumatic brain injury (TBI) is complicated by a sudden and dramatic change in brain metal levels,
including iron (Fe), copper (Cu) and zinc (Zn). Specific ‘metallo-pathological’ features of TBI include
increased non-heme bound Fe and the liberation of free Zn ions, both of which may contribute to the
pathogenesis of TBI. To further characterise the metal dyshomeostasis that occurs following brain
trauma, we performed a quantitative time-course survey of spatial Fe, Cu and Zn distribution in mice
receiving a controlled cortical impact TBI. Images of brain metal levels produced using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) in the upper quadrant of the ipsilateral
hemisphere were compared to the corresponding contralateral hemisphere, together with regional areas
radiating toward the center of the brain from the site of lesion. Significant regional and time point
specific elevations in Fe, Zn and Cu were detected immediately and up to 28 days after TBIl. The
magnitude and timeframe of many of these changes suggest that TBI results in a pronounced and
sustained alteration in normal metal levels within the brain. Such alterations are likely to play a role in
both the short- and long-term consequences of head trauma and suggest that pharmacological
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Introduction

Traumatic Brain Injury (TBI) is a significant international health
concern with diverse etiology and epidemiological patterns.” 1t is
the leading cause of mortality and disability in high-income
countries, and the global incidence of TBI is constantly rising.>
Moreover, according to statistics compiled by the Brain Trauma
Foundation of America, TBI is the leading cause of death and
disability in children and adults from ages 1 to 44. In the United
States alone, it is estimated that 1.7 million TBI's occur annually,
and in 2006, 5.3 million people were currently living with long-term
or permanent disabilities as a result of brain injury.> Common
causes of TBI include motor vehicle accidents, occupational
hazards, physical violence and falls,> and complications following
TBI contribute to a significant public health burden and may be
antecedent to alternate forms of mortality, particularly in the elderly.
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modulation to normalize these metal levels may be efficacious in improving functional outcome.

Similarly, contact sport engagement (e.g. American and
Association football, ice hockey and combat sports) can also
culminate in long-term cognitive disabilities.*® This is often in
the form of chronic traumatic encephalopathy (CTE) and its
subsequent behavioral and neuropathological effects,” resulting
from mild or repetitive TBI experienced during the normal
conduct of the sport. Additionally, military blast-induced TBI
in the theaters of war in Iraq and Afghanistan have been dubbed
as the ‘signature injury’ of these conflicts (in a similar, yet
better-characterized way to Gulf War Syndrome from the 1991
campaign), resulting in long-term cognitive deficits in affected
individuals.® Since 2003 over 200000 U.S. service members
deployed to the Middle East and Central Asia have been officially
diagnosed with TBI,” accounting for approximately two thirds of
the documented head injuries sustained in these conflicts.'®

It is clear that cognitive impairment is one of the most
predominant symptoms that occurs post-TBI, and this can
occur even after a mild TBI, which is now a recognized source
of morbidity and which has been demonstratively linked to
long-term cognitive complaints.’* There are a breadth of other
consequences of head injury, including somatic symptoms
(fatigue, headaches, dizziness) and affective symptoms (irritability,
impairments in executive function, depression, anxiety, emotional
lability; all which may contribute to suicide). Moreover, TBI and
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mild TBI have been shown to precede and potentially initiate the
onset of several neurodegenerative disorders such as Alzheimer’s
disease (AD),"> amyotrophic lateral sclerosis (ALS)"* and Parkinson’s
disease (PD)."*

To date, and despite significant effort, there is no therapeutics
available to prevent or alleviate cognitive dysfunction following
TBI. One of the avenues that is being explored, however, is metal
ion homeostasis.

Metals play a fundamental role in biological processes within
the central nervous system,'” and the biological transition
metals iron (Fe), copper (Cu) and zinc (Zn) have been proposed
to play major roles in the pathogenesis of AD, PD and ALS."*"
Subsequently, their modulation has been proposed as a potential
pathway for therapeutic intervention in these and other neuro-
degenerative disorders.'® The literature further suggests that Zn
homeostasis may be an important factor in the pathobiology of
TBI, with accumulations of Zn shown at the site of brain injury
in rodents™® with a specific loss of Zn from pre-synaptic boutons
and a concomitant appearance of Zn in injured neurons>’—the
latter which may arise from a number of sources (such as from
the pre-synaptic neuron or post-synaptic Zn-sequestering proteins).
These fluctuations in Zn are hypothesised to be neurotoxic,
potentially via excitotoxicity, and have been suggested to contribute
to the neurodegeneration and cell death that follows multiple
forms of brain injury.>* Recent reports have also suggested a
potential role for Fe in brain injury (human TBI and stroke),
where there is a reported acute elevation in Fe levels®>?* that is
independent of the heme-bound Fe associated with the blood
leakage within the site of injury. The cause of this is not
understood, but it catalyzes the production of toxic reactive
oxygen species and is a major compounding factor in oxidative
stress, inflammation, and excitotoxicity; thus, similar to Zn, it is
likely to contribute to cell loss. Finally, Cu, which is considered
essential to proper myelination of axons, may be deficient
following brain trauma, potentially playing a role in the development
of the hallmark pathology of diffuse axonal injury (DAI) that is a
feature of TBL.>*

Considering the evidence supporting a link between the
pathobiology of TBI and metal homeostasis,”” together with
the potential for metal ions to be a tractable therapeutic target,
in this study we utilised laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) imaging to further characterize the
spatio-temporal modulation of metal ion homeostasis in response
to a controlled cortical impact model of TBI in mice.

Experimental
Animal ethics

All procedures were carried out in accordance with protocols
approved by the Howard Florey Animal Ethics Committee and
were conducted in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes
as described by the National Health and Medical Research
Council of Australia.
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Controlled cortical impact model

Controlled cortical impact (CCI) was carried out using a Hatteras
PCI 3000 precision cortical impactor (Hatteras Instruments, Cary,
NC). 3 month-old male C57Bl6 mice were anesthetized via intra-
peritoneal injection of 100 mg kg~ " ketamine and 10 mg kg *
xylazine. Anesthesia was monitored via respiration and pedal
retraction reflexes. Upon adequate anesthesia the surgical site
was clipped and shaved and cleansed with 70% ethanol.
A 10 mm mid-line incision was made over the skull, and the
skin and fascia were reflected to make a 4 mm craniotomy on
the central aspect of the right parietal bone using a motorized
drill. Excised bone was placed in sterile PBS until resituating
post-injury. The animal was then positioned in a stereotaxic
frame. The 3 mm tip of the impactor was lowered to the surface
of the exposed dura, signified by an audible contact alarm, and
the injury subsequently delivered (3 m s ' velocity with a
1.5 mm penetration depth). The excised bone was then replaced
and glued in position with super glue, the skin similarly glued
together and the animal then placed in a 37 °C heated cage until
completely ambulatory.

Animals (n = 5 per group) were euthanized at 24 hours,
72 hours, 7 day, 14 day and 28 day-post surgeries. Animals were
anesthetized with Nembutal, before a 50 ml pericardial perfusion
with ice-cold 4% paraformaldehyde®” in PBS. Brains were rapidly
dissected and further incubated in PFA (4% in PBS at 4 °C),
followed by immersion in a cryoprotective solution for 7 days
(30% sucrose in PBS, 4 °C). Sections were subsequently cryostat
sectioned at 30 um intervals at —20 °C and mounted on standard
microscope slides. Sections were stored at —80 °C prior to
analysis, when they were air-dried at room temperature. This
specific fixation method and subsequent cryosectioning procedure
has been previously described and demonstrated as a suitable
method for biological metal analysis in murine neurological
tissue.”® For Perls staining, tissue was blocked for endogenous
peroxidase with 0.3% H,O, for 10 minutes, washed with distilled
H,O for five minutes, before a 2 hour 37 °C incubation in 7%
potassium ferrocyanide in 3% HCI solution. Reaction was
enhanced using DAB (DAKO DAB + Substrate Chromogen
System #K3468) until brown reaction occurred. Tissue was
counterstained with 5 dips of Harris haematoxylin followed by
a 30 second immersion in Scotts tap water. Stained tissue was
rinsed in running tap water before dehydration and mounting
for further microscopic analysis.

Laser ablation-inductively coupled plasma-mass spectrometry
imaging
Analysis was performed using a New Wave Research UP213 laser
ablation system with a two-volume large format cell (ablation
area 25 x 25 cm). This system was hyphenated to an Agilent
Technologies 7500ce ICP-MS fitted with ‘cs’ lenses for enhanced
sensitivity. Quantitative data was obtained by representative
ablation of matrix-matched tissue standards produced according
to the protocol previously reported.>®

The experiment was performed in a single batch. Horizontal
lines of ablation were drawn across both ipsilateral and contralateral

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic demonstrating regions of interest selection for assessment
of changes in metal levels radial to the site of impact. Selected ROIs were
applied to each measured metal and extracted for statistical comparisons.
Whole-hemisphere metal concentrations and equivalent ROIs on the
contralateral side were also extracted. Nissl stained reference section
(bregma —2.255 mm) used from the Allen Brain Atlas.2®

(CLS) upper quadrants of the selected section. A beam diameter of
30 um was used; traversing the section at a speed of 90 um s,
laser fluence of 0.3 J cm™2 and repetition rate of 20 Hz. The
IC-PMS was configured to collect 3 data points per second, thus
the resultant images had pixel dimensions equivalent to 30 pm?>

(total pixel area = 900 um?).>°

Image production and statistical analysis

Images were produced by reducing multiple ablation lines into
ASCII data files for importing into ENVI 6.0 (Exelis Visual
Information Solutions), in which regions of interest were extracted
and statistically analysed. Each ROI represents a quadrant that
radiates outwards from the impact site towards the center of
the brain (Fig. 1). These regions were selected to allow the
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differentiation of discrete functional brain areas surrounding
the injury site that may be differentially affected by the TBI.
ROI1 has a diameter of 2152 + 465 pm, ROI2 is 973.9 + 323.8 pm
(minus the diameter of ROI1) and ROI3 is 1680 + 330 um (minus
ROIs 1 and 2). The entire hemisphere, which is the whole
quadrant scanned, is 4706 + 330 um. The numbers apply equally
to both the ipsilateral and contralateral side, so ideally they are
equivalent.

Statistical analysis was carried out in Prism (Graph-Pad).
Analysis was carried out using either a two-tailed #test with the level
of significance set at p = 0.05 or a two-way ANOVA as appropriate.
Where appropriate, a standard Q-test was used to identify outliers,
which were then excluded from statistical analysis.

Results

Time course LA-ICPMS images of the upper left and right
hemispheres are shown in Fig. 2. Full quantitative data is
presented in the ESI{ Iron concentration was significantly
increased within the immediate vicinity of the impact site
(ROI1 p < 0.001; Fig. 3a) as well as in the two additional ROIs
extending radially from the lesion (ROI2 p < 0.01; ROI3 p < 0.05;
Fig. 3b and c). Furthermore, the entire hemisphere comparison
between ipsilateral and contralateral revealed a concomitant
significant increase in Fe (Fig. 3d), though it was obvious that
the most significant variation occurred at the location of the
induced injury. ROI1 revealed the largest increase in Fe, followed
by ROI2, and then ROI3. Fe concentration increased in all ROIs
and at every time point yielding the largest increase at 28 days
post injury (Fig. 3).

Analysis of the spatial distribution and concentration of Zn
revealed no significant changes between the ipsilateral and
contralateral regions of interest (Fig. 4a-c), nor was there a
significant difference between the combined upper halves of
the hemispheres (Fig. 4d). ROI1 showed a mild but insignificant

14 day 28 day

25 5

5.0 10

Zn concentration (ug g™)

Fig. 2 Representative LA-ICP-MS images of the upper two quadrants of both hemispheres from lesioned (right side) taken at approximately bregma
—2.7 mm from 24 hours to 28 days post-lesion. Images were scanned at a spatial resolution of 30 um. Scale bar = 1 mm.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Iron concentrations across the time course following controlled

cortical impact TBI. In ROI 1 there was a significant difference in Fe levels
between the ipsilateral and contralateral sides across the time course
(ANOVA, p = 0.0003). ROI1 intra-day comparisons also revealed significant
differences between ipsilateral and contralateral sides at 72 h, 7 day and
14 day time points. There was also a significant trend to increasing
Fe across the time course in ROI2 (ANOVA, p = 0.0018), ROI3 (ANOVA,
p = 0.0161), and total hemisphere (ANOVA, p = 0.0002). Intra-day
comparison revealed significant increase at day 7 in each region and over
the total hemisphere. *p < 0.05, **p < 0.01, *p < 0.05.

increase in Zn from 24 hours to 28 days post TBI, as did ROI2
across the same time period. ROI3 similarly showed a mild but
insignificant increase in Zn to 28 days, though this commenced
at day 7 rather than within 24 hours of injury. Intra-day analysis
revealed a significant increase in Zn between the ipsilateral and
contralateral sides at day 7 in ROI1 and ROI2. Collectively, analysis
of the entire hemisphere showed a mild but insignificant increase
in Zn overall from day 7 to 28. Preceding the day 7 time point there
was a mild yet insignificant decrease in Zn overall in the entire
hemisphere (Fig. 4d).

There was no overall change in Cu concentration in ROIs 1
(Fig. 5a), 2 (Fig. 5b), or 3 (Fig. 5¢), nor was there any significant
alteration in Cu levels when comparing the entire hemispheres
(Fig. 5d). In each ROI Cu concentration was remarkably stable
at 24 h, 72 h and 7 day time points. Thereafter Cu concentration
trended to an increase when comparing ipsilateral to contralateral
ROIs. Comparing the ipsilateral only ROIs, however, revealed a
significant increase between time points 24 h and 28 days, in
both ROI1 and ROI2, though not in ROI3. As expected a similar
comparison of contralateral time points only revealed no significant
differences in any region. Due to the low abundance of cobalt
(Co) in the brain, our previous results in humans demonstrating
an increase in response to TBI by solution nebulisation ICP-MS
was not observed using this LA-ICP-MS method.*’
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Fig. 4 Zinc concentrations across the time course following controlled
cortical impact TBI. There was no significant difference in Zn levels
between the ipsilateral and contralateral sides in ROI1, ROI2, ROI3, and
total hemisphere (2-way ANOVA). Intra-day analysis revealed a significant
increase in Zn between the ipsilateral and contralateral sides at day 7 in ROI
1and ROI 2. *p < 0.05.

Discussion

The literature demonstratively indicates that Zn, Fe, and Cu
may have pathological roles in TBI outcomes.**?**' Most
studies, however, have only examined metal homeostasis in
the acute response to trauma. Therefore, to further define how
metals are regulated following TBI, we have utilised LA-ICPMS
to quantitatively assess the spatial distribution of metals in the
brain at up to 28 days post-injury. The metals Zn, Fe and Cu
were selected for analysis because of their reported role not just
in TBI, but also in other neurodegenerative disorders that
exhibit similar clinico-pathological features as TBI.>

Zinc is an integral part of normal brain function,** however,
when the brain is compromised through disease or injury, there
is a resulting Zn dyshomeostasis that has been hypothesized to
play an integral role in the pathogenesis of TBL>' Zinc has been
demonstrated to be both neuroprotective and neurotoxic in TBI
models.>*® Nevertheless there is sound evidence that the
synaptic release of Zn from pre-synaptic boutons can cause
injury to postsynaptic neurons under excitotoxic conditions.>*”

Hence, the literature indicates that Zn may have a critical yet
somewhat temporally ill-defined role in the neuronal death that
characterizes TBI. It is therefore curious that we did not observe
any significant alterations in Zn following TBI. A plausible
explanation for this could be that total Zn levels do not change
post TBI, but rather the cellular translocation of Zn may be
critical, as noted in other studies.?’?” A finer delineation of
regions of interest at the sub-um level, utilizing synchrotron

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Copper concentrations across the time course following controlled
cortical impact TBI. There was no significant difference in Cu levels between
the ipsilateral and contralateral sides in ROI1, ROI2, ROI3, and total hemisphere
(2-way ANOVA). Intra-day analysis revealed no significant increase in Cu
between the ipsilateral and contralateral sides at any time point in any
region. *p < 0.05.

XFM analysis,*® or micro-particle induced X-ray emission
(WPIXE) analysis,*® may therefore be required to reveal alterations
in Zn concentrations. There was the suggestion, however, of a
slight decrease in Zn at the first three time points, only to then
slightly yet non significantly increase for the final two time
points. As Zn is postulated to play a role in depression and mood
disorders,® a common yet non-immediate outcome after TBI and
mild TBI, it would be of interest to determine if Zn continues to
increase beyond the 28 day time point. It is therefore possible
that the interaction of Zn in TBI is unlikely to be defined by a
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simple linear relationship immediately post trauma, thus requiring
further investigation.

In TBI, Fe elevation has been observed in the brain after
injury® with a concomitant increase in the Fe handling protein
ferritin.>” In excess, Fe can induce neurotoxicity by its ability to
promote the formation of reactive oxygen species (ROS) leading
to oxidative stress and cell death. Moreover, Fe has been shown
to associate with aggregation prone proteins that activate cell
death pathways in neurodegenerative diseases such as AD, PD,
and ALS.*"

It is interesting to note that within the first 24 hours after
TBI the Fe concentration appears to be unchanged in any ROI
or within the entire injured hemisphere, even in the presence of
haem associated Fe caused by blood infiltration at the injury
site, indicating that a mechanism may exist initially to compensate
for extra Fe accumulation. This time point observation correlates
with a recent publication by Ayton et al.** where cortical Fe
measured by ICP-MS showed no difference between ipsilateral
and contralateral hemispheres at 24 hours post injury, after a
significant Fe elevation between hemispheres at 6 hours. Recent
investigations in both animal models and humans have consistently
implicated abnormal cellular Fe elevation in the pathogenesis of the
disorder, in both TBL**** and mild TBL>****>**¢ Moreover, several
of these studies, using in vivo T2 MRI imaging technologies,
clearly indicate a non-haem associated mechanism of cellular
Fe accumulation, at sub-thalamic regions greatly distal to the
cortical site of injury. T2 MRI has been shown to effectively
differentiate Fe-protein co-ordination environments in vivo.*” To
determine the likelihood of intracellular Fe accumulation in
this study, a Perls Prussian blue stain for non-haem Fe was
employed on 28 day post-TBI tissue samples from the same
animals that underwent LA-ICP-MS analysis. The Perls stain
clearly and prominently demonstrated intracellular Fe accumulation
penetrating well into the depth of ROI3 (Fig. 6), correlating with the
LA-ICP-MS data presented here, and is supportive of previous studies
cited herein indicating abnormal cellular Fe elevation greatly distal
to the cortical injury site.

The current study is the first to our knowledge that demon-
strates that there is a sustained elevation in Fe levels around

a)[ e | b)

Contralateral

Impact site

Fig. 6 Perls Prussian blue stained 28 day TBI contralateral and ipsilateral hemispheres. (a) Perls Prussian blue stained contralateral hemisphere (40x;
scale bar = 500 pm) demonstrating absence of intracellular Fe staining. (b) Perl's stained ipsilateral hemisphere (40x scale bar = 500 um) showing
pronounced Fe staining deep into cortex and hippocampus. (c) Higher magnification of highlighted area in box (b) clearly reveals prominent intracellular

Perls staining (100x; scale bar = 100 pm).

This journal is © The Royal Society of Chemistry 2016
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the injury site that persists well beyond 24 hours. Such a
chronic dyshomeostasis in Fe may lead to abnormal neuronal
pathologies, as Fe accumulation has been shown to contribute
to neuronal free radical damage*®*® and is widely acknowl-
edged as a modulator of the degenerative cascade in TBL.>*™>?
Iron may, therefore, be a tractable therapeutic target in TBI.
Indeed there are multiple selective Fe chelators currently
approved for use in Fe metabolism disorders.”** Interestingly,
a 1996 study by Long et al.,>® demonstrated that administration
of the Fe chelator deferoxamine improved spatial memory
performance following experimental brain injury in rats, indicating
the potential of Fe chelation or modulation as a therapeutic avenue
to be investigated. Moreover, and unexpectedly based on this
analysis, a larger and unrecognized therapeutic window of up to
28 days may be acceptable for Fe chelation treatment to obtund
chronic Fe accumulation. However, caution should be applied
in the use of Fe chelation treatments due to potential off-target
effects of Fe depletion. Alternative methods of modulating Fe
regulatory function should therefore be investigated as an alternative
avenue to restore post-TBI Fe homeostasis over chelation therapies.

Copper is required for essential metabolic processes including
mitochondrial respiration, neurotransmitter biosynthesis and as
a cofactor for antioxidant enzymes.>® Copper is a particularly potent
pro-oxidant and can form hydrogen peroxide and subsequent
hydroxyl radicals at a high rate, significantly greater than that of
Fe.””® Conversely, a reduction in brain Cu has been shown to
exacerbate tau hyperphosphorylation in a transgenic mouse
model of AD.”® Hyperphosphorylated tau and the formation of
NFTs are an integral pathological feature of all TBI types; having
been shown in the neocortex of boxers,* other contact sports
athletes®® and are also evident in blast exposed military veterans.®!
Concomitantly, and potentially in combination with Cu, Fe and Zn
are also both intricately involved in the signaling pathways that
regulate tau and the development of tau pathology.®* **

Additionally, DAI, the pathological hallmark of TBI, is the
result of axonal shearing during acceleration and rotational
forces derived from head impact. Myelin along axons is required
for efficient neuronal conduction. TBI studies have shown the
shearing of myelin in DAI is responsible for a reduction in the
speed of axonal transmission along axons resulting in compromised
neuronal function.®®® As myelination is a Cu dependent process®’
it stands to reason that adequate physiological levels of Cu would be
a requirement for effective re-myelination after TBL. Our results
indicate that Cu concentrations were not significantly altered out to
7 days post injury. Thereafter, however, Cu began to mildly elevate
in the ipsilateral cortex. That this elevation was significant in
the ipsilateral cortex adjacent to the impact zone (ROI 1 and 2)
at 28 days may be indicative of a potential physiological mechanism
related to demyelination or remyelination.

Importantly, the observation that an elevated Cu concentration
is prominent and may continue beyond 28 days, should give
pause for concern in relation to the potential chronic Cu toxicity
as it relates to oxidative stress and subsequent neuronal
damage. The altered Cu concentration is therefore of interest
and should be further assessed at later time points with further
experimentation.
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Conclusions

Our results clearly indicate that metal dyshomeostasis continues
over an extended period of time following brain injury. These
data provide a more detailed spatial and temporal profile of
metal changes in the brain following TBI and may consequently
provide greater insight for both therapeutic development and the
potential need for different metal-based therapeutic strategies at
different stages post-injury. The data also indicate that further
studies extending beyond 28 days are required.
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